Ribosomes from all species consist of approximately two-thirds RNA and one-third protein. Ribosomes from mammalian mitochondria are an exception, with the ratio of protein and RNA reversed (see Sharma et al. 2003) . All ribosomes consist of two subunits, termed 50S and 30S in bacteria or 60S and 40S in eukaryotes. Together, they comprise the 70S ribosome in bacteria or the 80S ribosome in eukaryotes (Fig. 1A) . The mRNA containing the genetic template binds in a cleft in the small subunit. The amino acids themselves are brought into the ribosome by aminoac ylated tRNA substrates. The ribosome has three binding sites for tRNA: the A (aminoacyl) site that brings the new aminoacyl tRNA, the P (peptidyl) site that holds the nascent peptide chain, and the E (exit) site to which the deacylated P-site tRNA moves after peptide bond formation (Fig. 1B) .
Peptidyl transfer leaves the P-site tRNA deacylated, with the A-site tRNA now containing a nascent peptide chain that has been extended by one residue. The 3′ ends of the A-and P-site tRNAs then move first with respect to the 50S subunit to form an intermediate or hybrid state of the ribosome, followed by movement of the mRNA and tRNAs with respect to the 30S subunit, which requires the action of EF-G, another GTPase factor. This leaves the ribosome with an empty A site with a new mRNA codon ready to accept the next aminoacyl tRNA.
The elongation cycle continues until a stop codon is reached in the A site. The so-called class I release factors (RF1 or RF2 in bacteria, eRF1 in eukaryotes) recognize the stop codon and catalyze the cleavage of the polypeptide chain from the P-site tRNA. Finally, a factor known as ribosome recycling factor (RRF), with the help of EF-G, disassembles the ribosome so that a new round of protein synthesis can begin.
Most of these aspects of translation are common to all kingdoms of life. In eukaryotes, initiation is far more complex and involves a specifically modified mRNA with a 5′ cap and a poly(A) tail at the 3′ end, as well as almost a dozen factors, many of which are large multisubunit complexes themselves (Kapp and Lorsch 2004) .
Recent structural and biochemical work has shed light on many aspects of translation. In particular, the high-resolution structures of the ribosomal subunits Wimberly et al. 2000) were useful in the molecular interpretation and/or phasing of all subsequent structures, including a lower-resolution crystal structure of the 70S ribosome with mRNA and tRNA ligands at 5.5-Å resolution (Yusupov et al. 2001 ), more recent higher-resolution structures of the empty 70S ribosome from Escherichia coli (Schuwirth et al. 2005) , and the 70S ribosome with mRNA and tRNAs from Thermus thermophilus (Selmer et al. 2006) . These basic structures have been followed by high-resolution structures of the ribosome with protein factors, most notably with release factors (Laurberg et Weixlbaumer et al. 2008 ) and more recently with elongation factors EF-Tu and EF-G ). In addition, many cryoEM structures of the ribosome represent different functional states at varying resolutions.
THE RIBOSOME AS AN RNA-BASED MACHINE
The ribosome itself is a large and complex assembly of RNA and more than 50 proteins. In addition, translation requires a host of protein factors and aminoacyl tRNA substrates. Thus, understanding the evolution of the ribosome poses a difficult challenge. To begin with, the system poses the standard "chicken or egg" question: If the ribosome consists of both RNA and protein, and is needed to make protein, how did it come about? The first attempt to address this was Crick, who presciently wrote, "It is tempting to wonder if the primitive ribosome could have been made entirely of RNA" (original italics) (Crick 1968) . To my knowledge, this was the first idea that RNA could be both an information carrier and able to perform catalysis, and can be thought of as the origin of the "RNA world hypothesis," which postulates a primordial world consisting of replicating RNA molecules before the advent of proteins. How ever, in the absence of any known examples of catalysis by RNA, not even Crick could imagine that catalysis in the current ribosome would be RNA based.
It is clear that protein factors could have evolved later to make translation more efficient, because even today it is possible to get inefficient and limited translation without them. For instance, factor-free protein synthesis in vitro was demonstrated by Spirin and coworkers (Gavrilova and Spirin 1974; Gavrilova et al. 1976) . But what about the ribosome itself? What are the relative roles of protein and RNA?
The earliest work on ribosome function focused on proteins for two reasons. Partly, proteins were thought to be the molecules responsible for catalytic function. Second, because the standard laboratory organism E. coli contains seven genes for rRNA, it was difficult to isolate RNA mutants, and many of the early mutations, such as those for anti biotic resistance, mapped to ribosomal proteins. How ever, there were hints from quite early on that RNA had a more important role than just providing a scaffolding for functional proteins. For instance, it was shown that chemical modification of rRNA but not proteins would abolish binding of tRNA to 30S subunits (Noller and Chaires 1972) . In the absence of any prior evidence for the catalytic properties of RNA, the results were taken to suggest that tRNA-binding sites must therefore consist of both protein and RNA. Subsequent work on the ribo some, notably by Noller and coworkers, continued to provide evidence for the importance of rRNA, but in the absence of an intellectual frame work in which RNA catalysis was a real possibility, it was hard to make definite progress.
This situation changed dramatically when catalysis by RNA was discovered in the context of the group I intron (Zaug et al. 1983) or RNase P (Guerrier-Takada et al. 1983) . With evidence that RNA could in principle perform catalysis, the ribosome community was far readier to accept that rRNA might have crucial functions, and this prospect renewed interest in the field (Moore 1988 ). Subsequently, an experiment showed that 50S subunits from Thermus aquaticus treated extensively with proteinase K in the presence of SDS nevertheless preserved their peptidyl transferase activity (Noller et al. 1992 ). This experiment was a major step forward, but not conclusive proof for a variety of reasons. E. coli 50S subunits did not maintain activity with such protease treatment, nor did in-vitrotranscribed 23S RNA show activity. Moreover, in the Thermus 50S subunit, a large number of protein fragments remained bound after protease treatment, and indeed, subsequent work showed that the treatment left three proteins essentially intact (Khaitovich et al. 1999) . A subsequent effort to provide conclusive proof of the role of RNA in peptidyl transfer using in vitro transcription of 23S RNA and its individual domains appeared to have narrowed down the activity to the RNA domain containing the peptidyl transferase center (Nitta et al. 1998) , but this work was retracted a year later (Nitta et al. 1999) . Thus, al though work on the group I intron and RNase P showed that catalysis by RNA was certainly possible, conclusive evidence for a similar role in the ribosome proved to be difficult to obtain by purely biochemical means. It is striking that this limitation was recognized very early on by Crick, who said, "Without a detailed knowledge of the structure of present-day ribosomes it is difficult to make an informed guess" (Crick 1968) .
High-resolution structures of ribosomal subunits and the whole ribosome have revealed in stunning detail the environment of the PTC-, tRNA-, and mRNA-bind ing sites, the intersubunit interface, and many other func tionally important regions of the ribosome. These structures at long last allow us to provide conclusive insights into many aspects of ribosome function and, in particular, show unambiguously how widespread the role of RNA is in the contemporary ribosome.
DECODING BY tRNA
A crucial event in protein synthesis is the selection of the correct tRNA corresponding to the codon on mRNA. At a fundamental level, this involves base pairing between the codon and the anticodon on tRNA. However, the free energy of base pairing between codon and anticodon is not sufficient to explain the relatively low error rate of the ribosome (Ogle and Ramakrishnan 2005) . Kinetic experiments show that binding of the correct tRNA leads to induced conformational changes in the ribosome that accelerate GTP hydrolysis by EF-Tu and tRNA selection (see Rodnina and Wintermeyer 2001) .
Minor Groove Recognition by RNA
Discrimination against incorrect tRNA ultimately depends on recognizing mismatched base pairs. Because base pairing alone is insufficient to explain the accuracy of decoding, and the ribosome appears to have an active role, what is the ultimate nature of this discrimination? Experiments showed that the binding of a cognate tRNA
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Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution. Do not copy without written permission from Cold Spring Harbor Laboratory Press induced three universally conserved bases in the decoding center of the 30S subunit to line the minor groove between codon and anticodon in a manner that would distinguish between canonical Watson-Crick and noncanonical base pairs at the first two positions but did not monitor the geometry of base pairing at the wobble position ( Fig. 3) (Ogle et al. 2001) . This finding at once explained the additional discrimination provided by the ribosome and the long-standing nature of the genetic code, in which mismatches were allowed at the wobble position but not at the first two positions (Crick 1966) . The additional binding energy of cognate tRNA from the induced changes at the decoding center resulted in largescale movements of the shoulder domain of the 30S subunit, whereas near-cognate tRNA failed to produce such movements (Ogle et al. 2002) . This finding led to a model in which the conformational change from an open form to a closed form was required for tRNA selection; such a model could help to rationalize disparate biochemical genetic data on fidelity (Ogle et al. 2002) . The rationale for why such a conformational change is needed for tRNA selection has recently been further clarified by the structure of the ribosome bound to elongation factor Tu and tRNA ).
The Possible Role of Minor-groove Recognition in Evolution
DNA and RNA polymerases have exactly the same problem of discriminating against noncanonical base pairs. They are even more accurate than the ribosome. It is striking that both DNA and RNA polymerases use conserved amino acids to monitor the minor groove between the template and transcript strands. Indeed, it is possible for the polymerases to choose base pairs that form no hydrogen bonds between them, as long as they have the same shape as Watson-Crick base pairs at the minor groove (for review, see Kool 2000) . Thus, minor-groove recognition is an important feature of ensuring proper base pairing complementarity.
The ribosome shows that such minor-groove recognition can be done by RNA alone. This is significant for the evolution of complexity from a primitive self-replicating RNA system. Such a system initially would have had a very high error rate, because base pairing alone would not have a sufficiently high free-energy difference to allow for substantial accuracy. However, if a primitive replicase also evolved to take advantage of minor-groove recognition of complementary base pairs, the error rate would be reduced by at least two orders of magnitude, allowing for the much more accurate replication required for complex systems to evolve.
Distortions in tRNA during Decoding
Structures of the ribosome complexed with EF-Tu and tRNA by cryoEM (Valle et al. 2002; Schuette et al. 2009; Villa et al. 2009 ) or more recently by crystallography show that when tRNA is delivered to the ribosome by EF-Tu, it is distorted in the anticodon stem (Fig. 4) . This suggests that the tRNA molecule has within itself considerable conformational variability. It is possible that this distortion could occur transiently in the absence of EF-Tu. Thus, tRNA in the absence of factors could have still performed decoding in a very similar way, with a transient bend during initial recognition followed by accommodation of the aminoacyl end into the PTC. However, GTP hydrolysis by EF-Tu, an important step in tRNA selection, would have been absent, so that the process would have been both slower and less accurate. 
PEPTIDYL TRANSFER
The central chemical event in translation is the formation of the peptide bond between the nascent polypeptide chain on P-site tRNA and the incoming amino acid on Asite tRNA. This catalysis occurs in the PTC of the ribosome that is located in the 50S subunit. As we have discussed above, the question of whether catalysis is RNA-based or whether proteins are involved could not be settled by purely biochemical experiments.
It was therefore striking that the structure of the 50S subunit in complex with a transition-state analog that defined the catalytic site showed that there were no proteins within 18 Å of the active site . Although an acid-base catalytic mechanism involving specific ribosomal bases was proposed, this was disproved by subsequent biochemical work (for review, see Rodnina et al. 2006) . Interestingly, none of the ribosomal bases appear to have a catalytic role in the chemical sense of contributing or accepting electrons or protons. Rather, the ribosome's contribution appears to be primarily entropic, by holding the substrates in the proper orientation (Sievers et al. 2004 ). The one moiety that appears to have a chemical role is the 2′-OH of the terminal adenosine of P-site tRNA itself, showing that the ribosome is an example of substrate-assisted catalysis (Weinger et al. 2004) .
One interesting role for the ribosome is that of exposing the ester bond on the P-site tRNA to nucleophilic attack by an induced conformational change in the PTC on A-site tRNA binding (Schmeing et al. 2005b ). This is an elegant way of protecting the nascent chain from hydrolysis by water except when the proper A-site substrate is bound, when certain conserved bases move to expose the ester bond that links the nascent chain to P-site tRNA. As in the case of decoding, the induced conformational changes all involve the RNA component of the ribosome.
Although no proteins were found near the active site of the archaeal PTC , studies in bacteria have long implicated specific proteins in peptidyl transfer. In particular, two proteins, L16 (Moore et al. 1975) and L27 (Wower et al. 1998) , were shown to aid peptidyl transfer. Of these, L27 was known to cross-link to the 3′ ends of both A-and P-site tRNAs, thus placing it right at the PTC (Wower et al. 1998) , and just deletion of the first few amino-terminal residues reduced both the cross-linking yield and the rate of peptidyl transfer (Maguire et al. 2005) .
The role of these proteins has recently been clarified by crystallography, in which it was shown that L16 becomes ordered and helps to stabilize A-site tRNA, whereas L27 has a long extension that places its amino terminus right at the PTC where it interacts with both A-and P-site tRNAs (Fig. 5) . Thus, at least in the bacterial ribosome, the PTC does have a protein component that has some role in facilitating peptidyl transfer by stabilizing tRNA substrates. In so doing, its role is not fundamentally different from that of rRNA. However, one should bear in mind that it is possible to delete L27 without affecting viability, but the deletion of many conserved RNA residues near the PTC is lethal. So the notion that the ribosome is fundamentally an RNA-based ma chine is unchanged, but clearly in viewing the contemporary ribosome, we are seeing a snapshot in evolution in which proteins are beginning to play a supporting role.
PEPTIDE RELEASE
The process of termination has analogies with both decoding and peptidyl transfer because the stop codon must be recognized and catalysis of the release of the peptide chain must take place at the PTC.
A significant advance has been made recently, owing to the crystal structures of both RF1 and RF2 bound to the Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution. Do not copy without written permission from Cold Spring Harbor Laboratory Press ribosome Laurberg et al. 2008; Weixlbaumer et al. 2008) . These structures shed light on both the mechanism of codon recognition by these factors and the role of a conserved GGQ motif in catalysis. In particular, an induced fit of the same three nucleotides involved in decoding by tRNA is required for proper recognition of the stop codon by release factors. Moreover, a similar induced fit on the binding of the GGQ motif in the PTC is seen on release factor binding as was seen for tRNA binding, except in this case, instead of a nucleophilic attack by the amine on A-site tRNA, there is presumably an attack by a water molecule that leads to hydrolysis of the nascent chain.
It is striking that bacterial and eukaryotic release factors have no sequence or structural homology. This suggests that despite their common GGQ motif at the catalytic site, they evolved independently after the divergence of the three kingdoms. If this is true, it is likely that the role of termination was originally played by a tRNA.
Presumably, such a tRNA had anticodons complementary to a stop codon so that decoding could occur, but no synthetase was associated with them, so that they bound in the deacylated form by the more inefficient factor-free route, rather than as a complex associated with EF-Tu. They could then still induce a change in the PTC that would expose the ester bond to nucleophilic attack by water. This hypothesis is supported by the fact that even in the contemporary ribosome, deacylated tRNA promotes peptide release but not as efficiently as release factors (Zavialov et al. 2002) . Presumably, release factors, in particular their properly positioned GGQ motif, more optimally coordinate a water for hydrolysis of the nascent peptide chain. They may also be more efficient at stop codon discrimination, because they have a very low error rate without the proofreading present in normal decoding (Freistroffer et al. 2000) . Nevertheless, the structural and biochemical data clearly suggest how a protein factor has taken over a role once likely performed by tRNA. Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution. Do not copy without written permission from Cold Spring Harbor Laboratory Press
TRANSLOCATION
The sequential nature of protein synthesis requires that the ribosome be able to move relative to mRNA and tRNA after each round of addition of an amino acid to the growing protein chain. This process, translocation, is highly complex and involves large-scale movements that must result in the precise movement by one codon to preserve the reading frame.
The idea that all ribosomes have two subunits because they need to move relative to one another was proposed a long time ago (Bretscher 1968; Spirin 1968) . One of these proposed that the tRNAs move first relative to one subunit and only then with respect to the other to generate hybrid states (Bretscher 1968) , an idea that was borne out almost two decades later in a landmark experiment using chemical footprinting of rRNA (Moazed and Noller 1989) . More recent cryoEM experiments have shown that the ribosomal subunits "ratchet" or rotate relative to one another during translocation (Frank and Agrawal 2000; Valle et al. 2003) , and the formation of hybrid states is indeed directly related to this ratcheting movement (Ermolenko et al. 2007) .
Strikingly, the interface between the two subunits consists mainly of RNA. This suggests that the features required to ratchet as part of translocation may have existed even in a primordial protein-free ribosome. The finding that factor-free translation, however inefficient, can occur under certain conditions is in keeping with this idea (Gavrilova and Spirin 1974) .
Energy Stored in tRNA
If GTP hydrolysis by EF-G is not strictly required for translocation, what determines the directionality of the movement? The progression of tRNA from A to P to E sites involves a progression of changes in its chemical state, from aminoacyl to peptidyl to deacylated. As has been pointed out previously (Spirin 1985; Noller 2005) , the affinity of the various sites has evolved so that changes in the chemical state of tRNA would allow it to progress to the next site on thermodynamic grounds alone. Moreover, Noller has pointed out that the energy from peptide bond formation could be used to drive the process even in the absence of GTP hydrolysis by translational factors (Noller 2005) .
Interestingly, it has been observed that the P-site tRNA is distorted relative to free tRNA in solution (Selmer et al. 2006) . If tRNA is allowed to relax, e.g., after peptide bond formation when it becomes deacylated, the direction of relaxation would be such as to move it toward the E site. Therefore, some of the energy required may be stored in the distortion in P-site tRNA itself.
E Site: Conservation and Role
A particular role of the E site in this process could be to trap the intermediate state of translocation by binding the 3′ end of the tRNA that has moved from the P site of the 50S subunit, resulting in a hybrid P/E tRNA. By stably trapping this intermediate, the E site would facilitate translocation.
A comparison of the structures of the 3′ end of tRNA in a bacterial 50S subunit (Korostelev et al. 2006; Selmer et al. 2006) with that in an archaeal 50S subunit (Schmeing et al. 2003 ) reveals some interesting similarities and differences. The E site can only bind a deacylated tRNA, and the terminal adenine with its 2′-OH is required (Lill et al. 1989; Feinberg and Joseph 2001) . This requirement is consistent with its role in trapping deacylated tRNA. Interestingly, both bacterial and archaeal E sites bind the terminal adenine in exactly the same way (Fig. 6) . In both cases, the adenine base is intercalated between two conserved purines of 23S RNA and makes identical contacts with a conserved cytidine. This strongly suggests that the E site evolved even before the split among the three kingdoms. Outside the vicinity of the terminal adenine, E-site interactions are quite different. This divergence suggests that those interactions are less essential.
HOW DID THE RIBOSOME EVOLVE?
Recent structures of the ribosome have shown unambiguously that the essential functions of the ribosome such as decoding, peptidyl transfer, and translocation all appear to be mediated by RNA. The evolution of the ribosome has been much discussed (see, e.g., reviews by Moore 1993; Noller 2005 ), but there is little detailed understanding of how the process might have occurred. One interesting observation from the structure of the 50S subunit is that the PTC itself has a twofold symmetry that extends beyond the binding sites for A-and P-site tRNAs (Bashan et al. 2003) . This suggests that an independently folded domain of RNA may have been duplicated to cre- Figure 6 . tRNA E site in the 50S subunit of the ribosome. A comparison of the bacterial E-site tRNA (reddish brown) (Selmer et al. 2006 ) with a minihelix representing the 3′ acceptor arm of tRNA in the archaeal ribosome (green) (Schmeing et al. 2003) shows that the terminal A76 is in an identical conformation making identical interactions with 23S RNA (cyan), suggesting that the E site evolved before the divergence of archaea and bacteria. However, the distinct conformations of C75 as well as the differences in the proteins (L28 in bacteria; L44e in archaea) suggest that other features of the E site have diverged significantly.
Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution. Do not copy without written permission from Cold Spring Harbor Laboratory Press ate the precursor of the PTC. It has been noticed that independent modules that are duplicated and held by tertiary contacts involving precisely the same type of minorgroove interactions as found in decoding could be the basis for the evolution of RNA in the contemporary 50S subunit (Bokov and Steinberg 2009) . The evolution of the 30S subunit and coded synthesis involving tRNA and mRNA is even less well understood despite decades of speculation. What is clear is that although the contemporary ribosome appears to be a highly complex assembly of RNA and protein, and additionally involves many different protein factors, the high-resolution structures of the ribosome provide strong support for the idea that the essential functions of the ribosome are mediated by RNA and that the ribosome evolved from a primordial RNA world. In so doing, it appears to have been a Trojan horse that accelerated the transformation of that world into the protein world that we know today. 
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